Introduction
[2] Icelandic basalt has significantly higher concentrations of highly incompatible elements than does normal mid-ocean ridge basalt (NMORB). Corresponding differences in radiogenic isotope ratios show that the elemental characteristics of Icelandic basalt must be inherited from a mantle source that is fundamentally different from that beneath normal segments of mid-ocean ridge. Interaction of a hot, deep-mantle plume with the Mid-Atlantic Ridge can satisfactorily account for the distinctive composition of Icelandic basalt, the topographic elevation of the ridge axis in Iceland, and the thickness of the Icelandic crust. Geochemical and isotopic gradients along the Mid-Atlantic Ridge north and south of Iceland have been interpreted to be the result of mixing between plume mantle and ambient depleted (NMORB-source) upper mantle [e.g., Schilling, 1973] . A debate has arisen, however, as to the composition of the Icelandic plume mantle. Several authors [e.g., Hémond et al., 1993; Thirlwall, 1995; Kerr et al., 1995; Fitton et al., 1997; Nowell et al., 1998; Kempton et al., 2000; Skovgaard et al., 2001] have argued that the plume contains an intrinsic, depleted component that is distinct from the NMORB source. This depleted component is recorded by basalts throughout large areas of the North Atlantic Igneous Province (NAIP), spanning 60 Ma to the present day [e.g., Saunders et al., 1997] . The existence of this depleted plume component has been questioned by Hanan et al. [2000] , who argue that the observed compositions of Icelandic basalts can be accounted for by threecomponent mixing between the ambient depleted NMORB-source mantle and two components that are relatively enriched in incompatible elements. According to these authors, one of the enriched components resides in the Iceland plume, while the other consists of subcontinental lithospheric mantle entrained in the local NMORB source. Whether or not depleted material occurs deep within the mantle (i.e., below the MORB asthenospheric reservoir) is clearly of importance for geodynamic models of the Earth. Nd are sometimes erupted in the active rift zones of Iceland [Schilling et al., 1982; Hémond et al., 1993; Hardarson and Fitton, 1997] . These basalts have been interpreted as representing the influx of NMORB-source mantle into the melt zone beneath Iceland [e.g., Schilling et al., 1982; Hanan and Schilling, 1997; Hanan et al., 2000] . Thirlwall [1995] , however, has shown that Icelandic basalt and North Atlantic NMORB define separate, sub-parallel arrays on a plot of Pb, suggesting that NMORB-source mantle does not mix to any significant extent with Iceland plume mantle at the present time. Depleted Icelandic basalt must, therefore, represent an intrinsic depleted Iceland plume (DIP) component [e.g., Kerr et al., 1995] . A similar conclusion was reached by Fitton et al. [1997] , who showed that, on a logarithmic plot of Nb/Y versus Zr/Y, Icelandic basalt and NMORB form separate and parallel linear arrays. Icelandic basalt has consistently higher Nb/Y at any value of Zr/Y than does NMORB, and even the most depleted Icelandic basalt samples can be distinguished from NMORB in this way. Further support for the existence of a DIP component is provided by Hf-Nd-isotope studies on Icelandic basalt [Kempton et al., 2000] . Nd/ 144 Nd. The purpose of the present paper is to refute the arguments advanced by Hanan et al. [2000] . We shall start by assessing the nature and scale of mantle heterogeneity in the Iceland plume and then discuss its Nb-Zr-Y systematics and Hf-Nd-isotopic characteristics.
Elemental and Isotopic Heterogeneity in the Iceland Plume
[5] Figure 1 shows . Nb/Zr error bars will become smaller with increasing Nb/Zr. The horizontal lines show the calculated variation in Nb/Zr over the range 2% -20% non-modal equilibrium melting of spinel-(green) and garnet-(red) lherzolite, using partition coefficients from Johnson [1998] . Data sources: neovolcanic rift-zone data from Zindler et al. [1979] , Nicholson [1990] , Elliott et al. [1991] , Furman et al. [1991] , Hémond et al. [1993] , Gee et al. [1998] , and Breddam [2002] ; off-axis data from Snaefellsnes [Hardarson, 1993] , Snaefell , and Ö raefajökull [Prestvik et al., 2001] ; Tertiary data from Hardarson and Fitton [1997] ; Goban Spur data from Kempton et al. [2000] . land (low Nb/Zr) were generated from regions of the mantle with the greatest time-integrated depletion in incompatible elements (high 143 Nd/ 144 Nd).
[6] Another striking feature of the data in Figure 1 is the clear relationship between composition and eruption environment. Basaltic lava flows erupted from off-axis volcanic centres (Snaefellsnes, Snaefell, and Ö raefajö kull; Figure 2 ) have more enriched mantle sources (higher Nb/Zr and lower 143 Nd/ 144 Nd) than do those erupted at the spreading axes. Since there is no reason to think that the mantle beneath the axes is fundamentally different in its bulk composition from the adjacent mantle beneath the rift flanks, it follows that the mantle source being tapped varies with melt fraction. This implies that the mantle is heterogeneous on a scale that is smaller than the melt zone but large enough for the effects of heterogeneity to be preserved during melting. Thus, small-degree melting beneath off-axis regions generates mildly alkaline magmas that appear to be preferentially sampling relatively enriched and more easily fusible parts of the mantle. Larger-degree melting beneath the active spreading axes generates tholeiitic magmas that will more closely reflect the bulk composition of the mantle beneath Iceland.
[7] Large-volume (>0.5 km 3 ) flows originating in the active rift zones have a very restricted compositional range (mean Nb/Zr = 0.11 ± 0.02 (1s); ), and data from them plot close to the centre of the array in Figure 1 . Their mean composition and range are identical to those of lava flows forming the exposed part of the Tertiary lava pile in Iceland (Figure 1 ; Hardarson and Fitton [1997] ).
[8] Significantly, the most depleted Icelandic samples in Figure 1 (Nb/Zr< 0.06) were collected from rare, small-volume (<0.2 km 3 ) flows of undifferentiated picrite and olivine basalt (MgO mostly > 9.5 wt.%) . These basalts are thought by some authors [e.g., Schilling et al., 1982; Hanan et al., 2000] to represent the influx of NMORB-source mantle into the melt zone beneath Iceland. The data in Figure 1 Figure 2 ), and have not been reported from the southward-propagating eastern volcanic rift zone (EVZ), where mantle upwelling is likely to be less vigorous.
[10] The very low concentrations of incompatible elements in the depleted basalts (Table 1) can best be explained by a dynamic melting process [Elliott et al., 1991] . Upwelling mantle beneath the rift axes will enter the melt zone, melt will be produced and extracted, and the depleted residue will continue to melt as it decompresses further. Thus, the instantaneous melts will become progressively depleted in incompatible elements as upwelling and melting proceed. Because the most depleted basalt samples have the highest 143 Nd/ 144 Nd (Figure 1) they must represent those parts of the mantle that were the most depleted before melting started. This implies that melts produced during the advanced stages of dynamic melting are preferentially sampling the most depleted parts of a heterogeneous mantle source, and these are also likely to be the least fusible. Greater degrees of decompression and melting beneath the actively spreading rift axes will allow melting to include more of the depleted and refractory components. However, these instantaneous melts will only rarely be erupted without combining with more voluminous and less depleted melt in magma reservoirs. Because of their low concentrations of incompatible elements, the depleted melts will have little effect on the bulk incompatible-element content of magma in the reservoirs. Thus, these depleted melts can only be detected if they reach the surface as small-volume flows of relatively undifferentiated magma .
[11] The complete absence of depleted basalt in the Tertiary lava pile ( Figure 1 ) was noted by Schilling et al. [1982] , who interpreted it as evidence for a recent influx of NMORB-source mantle into the melt zone beneath Iceland. However, Hardarson and Fitton [1997] showed that this is simply an artifact of crust-forming processes in Iceland. According to the Pálmason [1986] crustal accretion model, the parts of the Tertiary lava pile currently exposed in deep glacial valleys (i.e. the upper 2 km) consist of the distal ends of lava flows large enough to have flowed at least 20 km from the rift axis. Smaller flows (including small-volume flows of depleted basalt) that are emplaced closer to the rift axis are rapidly buried and carried down to the deeper and inaccessible parts of the lava pile. Depleted basalt has probably always been erupted at the rift axis but is not exposed in the accessible parts of the Tertiary lava pile.
[12] In summary, the data in Figure 1 are best explained by variable degrees of partial melting of heterogeneous mantle comprising enriched blobs or streaks set in a more refractory depleted matrix. Small-degree melting in off-axis locations (e.g. beneath Snaefellsnes) will preferentially sample the more fusible parts of the mantle, whereas more extensive melting beneath the spreading axis will sample both enriched and depleted components. Instantaneous melts produced during the advanced stages of dynamic melting will be biased towards the depleted refractory matrix. These depleted melts occasionally reach the surface as smallvolume flows of primitive (high-MgO) basalt which are confined to the rift axis. The larger rift-axis flows consist of magma that has been Figure 1 can be interpreted either way, but in the next section we will show how the Nb-Zr-Y systematics of Icelandic basalt can be used to resolve this issue.
Nb-Zr-Y Systematics
[13] A logarithmic plot of Nb/Y versus Zr/Y ( Figure  3a ) provides a useful discriminant between Icelandic basalt and NMORB (i.e. plume and nonplume basalt). The discriminant works because data from the two types of basalt define separate and parallel linear arrays. Using the lower limit of the Iceland data array as a reference line, Fitton et al.
[1997] defined a parameter (DNb) that expresses excess or deficiency in Nb such that Icelandic basalt has DNb > 0 and NMORB has DNb < 0. Variation along each array is caused, in part, by variable degrees of melting such that the smallest degrees result in the highest values of each ratio. Thus, data from basalt erupted off-axis in Iceland (e.g. Snaefellsnes) plot at the high-Zr/Y end of the Iceland array, and those from NMORB on slow-spreading segments of the Southwest Indian Ridge plot at the high-Zr/Y end of the NMORB array. Fitton et al. [1997] showed that simple melting models can satisfactorily reproduce the slope of these two arrays and that DNb is insensitive to degree of melting and must, therefore, be characteristic of the mantle source. It is not, as Hanan et al. [2000] say, ''merely, in disguise, a complex proxy for the Nb/Zr variation''. DNb, by definition, shows no systematic variation along the Iceland array (Figure 3a) while Nb/Zr varies by more than an order of magnitude (0.02-0.3; Figures 1 and 3b ).
[14] In addition to degree of melting, mantle heterogeneity must contribute to the Iceland array in Figure 3a because radiogenic isotope ratios change systematically along it. For example, Nb/ Zr increases from left to right along the array (Figure 3b ) and varies inversely with 143 Nd/ 144 Nd (Figure 1) . The implication is that the depleted and the enriched components in the mantle beneath Iceland must both lie within the Iceland array. Thus, with advanced dynamic melting and melt extraction, the melts become progressively biased towards the depleted component; that is, towards the low-Zr/Y end of the Iceland array (Figure 3b ).
[15] Figure 3b is a simplified version of Figure 3a and represents the Hanan et al. [2000] data by a single curve fitted to their data array. It is readily apparent why these authors reached the conclusion that variation in their Iceland data can be explained by mixing between plume and NMORB mantle without the need for a DIP component. Their data array passes close to the average composition of large-volume normal Icelandic basalt (Nb/Zr = 0.11; yellow circle in Figure 3b ) but they have simply not included data from any samples of depleted Icelandic basalt. Our data for depleted Icelandic basalt (red circles in Figure 3b ; data in Table 1 ) plot away from the Hanan et al. [2000] data array and cannot be accounted for by their mixing model. Because these depleted basalts plot within the Iceland array (positive DNb), they are clearly distinguishable from NMORB (negative DNb; Figure 3b ). They are isotopically distinct from other Icelandic basalts (Figure 1 ) and therefore require the existence of a depleted component in the mantle source beneath Iceland. No known melting process that can generate the two mantle arrays will also be able generate depleted Icelandic basalt from the NMORB source. Because the depleted mantle beneath Iceland is distinct from NMORB-source mantle, commonly interpreted to be the ambient upper mantle, it must form an intrinsic component of the Iceland plume. Our data, therefore, point clearly to the existence of a DIP component. . The OIB (ocean-island basalt) field encloses data from 780 samples of basalt (MgO > 5 wt.%) representing all major ocean islands (J.G. Fitton and D. James, unpublished data, 2000) . Note that most OIB plot within the Iceland array, suggesting that the array reflects the composition of plume mantle in general. 2. DNb is a characteristic of the mantle source and not merely a proxy for Nb/Zr.
3. The Iceland plume mantle probably consists of streaks or blobs of enriched material set in a depleted matrix. Both of the plume mantle end members have positive DNb, in contrast to the NMORB source, which has negative DNb.
4. The Nb-Zr-Y arguments advanced by Hanan et al. [2000] are invalid because they are based on a restricted set of data for Icelandic basalt that completely excludes samples of depleted (i.e. low Zr/Y and Nb/Zr) basalt.
5. The clear compositional differences between depleted Icelandic basalt and NMORB point unambiguously to the presence of a DIP component.
Hf-Nd Isotope Systematics
[17] There are two issues here. The first is whether or not it is possible, using combined Hf and Nd isotopes, to distinguish between a depleted plume component and a depleted MORB component. The second, and related, issue is whether or not the Hfisotope data are sufficiently precise to enable such a distinction to be made. We argue that the answer to both of these questions is a clear, unequivocal, ''yes.''
[18] We use the standard Hf-Nd isotope plot to illustrate our argument (Figure 4) . Ever since Hfisotope data have been produced, most workers have recognized a ''depleted'' high eNd and eHf mantle component that is identified with an idealised MORB-source end-member [e.g., Johnson and Beard, 1993] . However, the precise location of this depleted component on the eHf-eNd diagram has become contentious, simply because the pre-1997 MORB Hf-isotope data set produced a diffuse field spanning more than 15 eHf units (field A on Figure 4 ). There were two reasons for this dispersion. Firstly, the error bars on individual Hfisotope measurements were large, due to the analytical techniques in use before that time. Secondly, some of the MORB samples were obtained from ridge segments that were influenced by hotspots.
[19] By careful selection of samples [Kempton et al., 2000] , and by using state-of-the-art analytical methods (below), the NMORB field shrinks to 6 eHf units (field C on Figure 4) , and falls in the lower part of the original MORB field. Furthermore, eNd and eHf now correlate rather than being decoupled [Kempton et al., 2000] . Error bars on individual sample analyses are substantially reduced. However, several samples from Iceland and from older parts of the NAIP have significantly higher eHf and are analytically distinguishable from the field of NMORB. These basalts are clearly not derived from the same mantle as NMORB. Rather, they must come from a distinct, depleted mantle source which, we argue, is intrinsic to the plume itself [Kempton et al., 2000] . For reasons discussed by Kempton et al. [2000] , this source has evolved with long-term high Lu/Hf, and has remained isolated from the NMORB-source mantle.
[20] Hanan et al. [2000] dismiss the Hf-isotope evidence for the depleted plume component by implying that the data produced by Hf. This interference must be adequately accounted for, or the interfering Yb removed from the sample solutions prior to mass spectrometry.
[21] Kempton et al. [2000] explain in some detail that two high 176 Hf/ 177 Hf values reported in a conference abstract ] were subsequently found to be in error because of inadequate correction for rare-earth-element (REE) interferences during mass spectrometry. Neither of these data values has been used in any subsequent paper. The error occurred when analytical protocols shifted from thermal ionization mass spectrometry (TIMS) to plasma ionization multi-collector mass spectrometry (PIMMS) in the NERC Isotope Geosciences Laboratory. At this time, the third column separation stage required for Hf analysis by TIMS was omitted for PIMMS work, following the recommendation of Blichert-Toft et al. [1997] . However, we found that significant interference of 176 [Kempton et al., 1999 [Kempton et al., , 2000 because the number of laboratories measuring Hf-isotope ratios is increasing, and we wanted others to be aware of this potential problem. We did not expect that it would be used as an unfair means of dismissing our work.
[22] The PIMMS Hf-isotope data reported by Kempton et al. [2000] were all carefully monitored for Yb interference and many were analyzed in duplicate. We also repeated most of our original TIMS measurements in order to maintain an internally consistent data set; this includes most samples from the NAIP and some Pacific MORBs reported by Nowell et al. [1998] . Within-run standard errors for our PIMMS Hf-isotope analyses are normally less than 22 ppm (2s). Minimum uncertainties are derived from external precision of standard measurements that average 58 ppm (2s). Replicate analysis of our internal rock standard, pk-G-D12, yields 0.283049 ± 16 (2s, n = 22), ] and MORB. The large grey field with the dotted outline (labelled A) is the field for all MORB data from the literature (data sources in Nowell et al. [1998] ). The light-blue field with the dashed outline (labelled B) is based on the MORB data in field A, but filtered to exclude analyses having withinrun standard errors greater than 100 ppm (±0.000028 in 176 Hf/ 177 Hf ). The blue field with the solid border (labelled C) is the field for NMORB (non-plume) based on recent high-precision PIMMS data from Chauvel and BlichertToft [2001] and Kempton et al. [2002] , plus the high-precision TIMS data in Nowell et al. [1998] . The 2s uncertainty in these high-precision data is 0.5 eHf units. Large unfilled circles and diamonds represent data for Goban Spur and Hatton Bank (off the SW and NW UK continental margins, respectively) [Kempton et al., 2000] . Note that basalts from Iceland and the adjacent Reykjanes (RR) and Kolbeinsey (KR) ridges (Figure 2 ) define an array that is distinct from that of plume-free NMORB (field C). Data from the depleted Icelandic basalt sample Th29 [Hanan et al., 2000] plot at the depleted end of the Iceland array, and not in the NMORB field.
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Geosystems G 3 G which is indistinguishable from our previously reported value determined by TIMS ] (0.283046 ± 16, 2s, n = 9). This analytical precision is significantly better than most of the published data for MORB and previously published data for Iceland [Kempton et al., 2000] . As a result, in our analysis of Iceland and other parts of the NAIP, we have excluded all published data having a within-run standard error greater than 100 ppm (equivalent to ±0.000028 in 176 Hf/ 177 Hf ). Even this generous cut-off is approximately twice our external analytical uncertainly and five times our own typical within-run precision.
[23] The high-precision Hf-isotope data presented by Kempton et al. [2000] clearly show that NMORB-source mantle is not the depleted component within the Iceland plume (Figure 4) . Basalts from the Iceland neovolcanic zone form a linear trend, with eHf ranging from +11.2 to +19.4 and eNd from +6.5 to +9.7. Basalts from the Reykjanes Ridge overlap the Iceland array, but extend to more radiogenic compositions (eHf values up to +20.5). Samples from the Kolbeinsey Ridge, and their older equivalents (19 Ma) from the Deep Sea Drilling Project (DSDP) Site 348, overlap the Reykjanes trend, but with a restricted range in eNd values of +10.4 to +10.5. Basalts from the DSDP Leg 49 transect (on the north-west flank of the Reykjanes Ridge, south-west of Iceland) and the East Greenland margin plot within the Iceland array.
[24] In contrast, North Atlantic NMORB from Goban Spur and Hatton Bank (Figure 4 ) form a tight cluster within the field of MORB data defined on the basis of data from the literature (field B). Although basalts from the Reykjanes Ridge and Kolbeinsey Ridge slightly overlap the field of MORB based on data from the literature, they plot with significantly higher eHf values than basalts from Hatton Bank or Goban Spur, which are more relevant examples of NMORB for the North Atlantic. These data provide strong evidence that not only does the Iceland plume contain both a depleted and an enriched component, but also that the depleted component is distinct from the NMORB source available prior to plume initiation.
[25] To summarise 1. There is no justification whatsoever for dismissing the concept of a depleted Iceland plume component on the basis of erroneous 176 Hf/ 177 Hf analyses ].
2. By using state-of-the-art laboratory procedures, and by carefully analyzing MORB, and basalt from Iceland and other parts of the NAIP using the same procedures, we have reconfirmed that the Iceland plume contains an isotopically depleted component that is distinct from NMORBsource mantle in eHf-eNd space [Kempton et al., 2000] .
3. Our study also demonstrates that it is vital, when comparing data from various sources, that these sources are clearly indicated. This is particularly important when older, less precise 
Conclusions
[26] We have shown that depleted basalt from Iceland differs significantly from NMORB in its Nb-Zr-Y systematics and Hf-isotope ratios, and that this observation requires the existence of a depleted Iceland plume (DIP) component. This conclusion contradicts an assertion made by Hanan et al. [2000] that the NMORB source is the depleted component in Icelandic basalt and that a DIP component is not required. The difference in our conclusions is due to differences in our respective data sets. The Hanan et al. [2000] traceelement data set contains no data from depleted Icelandic basalt and so it is not surprising that they find no evidence for a DIP component. Their Hfisotope argument is based on two analyses of a single depleted Icelandic basalt sample (Th29 ;  Table 1 ), a sample not included in their traceelement set. These two Hf analyses plot within their field for NMORB on an eHf vs. eNd diagram. However, data presented by Kempton et al. [2000] define smaller and distinct fields for NMORB and depleted Icelandic basalt. We can now show that the two analyses plot with other depleted Icelandic basalt samples. We conclude, therefore, that the answer to the question raised by Hanan et al. ical signature: artifact of multicomponent mixing?'') is an emphatic ''no''. Our data require the existence of a DIP component, and we see no evidence for the involvement of the NMORB mantle source in the generation of Icelandic magmas. The Iceland plume is heterogeneous and probably consists of streaks or blobs of enriched and relatively fusible material in a depleted and refractory matrix. The most likely source for the material forming the Iceland plume is ancient recycled oceanic lithosphere [e.g., Hofmann and White, 1982; Fitton et al., 1997; Chauvel and Hémond, 2000] , and ancient, depleted oceanic lithospheric mantle provides a plausible source for the DIP component [Skovgaard et al., 2001] . Icelandic basalt mostly represents a weighted average of the enriched and depleted components. Melts produced during the advanced stages of dynamic melting, however, will be biased towards the depleted refractory matrix. These depleted melts occasionally reach the surface as small-volume flows of primitive basalt, which are confined to the rift axes.
